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Background: During development of the vertebrate eye,
there is a series of reciprocal cellular interactions that
determine the fate of the eye components. Although
evidence from organ culture suggests that the retinal
pigmented epithelium (RPE) organizes the laminar
structure of the differentiated neural retina, no role has
been identified for the RPE in early eye development,
nor has the later function of RPE been demonstrated
in vivo.
Results: To investigate the role of RPE cells in eye
development, we generated transgenic mice that carry the
attenuated diphtheria toxin-A gene; this transgene was
driven by the promoter of the gene encoding the
tyrosinase-related protein-1, which is specifically ex-
pressed in pigment cells. Depending on the expression
level of the transgene, the retinal epithelium was ablated
before or after its differentiation into a pigmented cell
layer. We show that an early ablation (embryonic day
E10-11) resulted in disorganization of the retinal layer,
immediate arrest of eye growth and subsequent eye
resorption. A later ablation (E11.5-12.5) allowed the eye
to be maintained during embryogenesis, but the laminar
structure of the retina became disrupted by the end of
gestation, the vitreous failed to accumulate and adults
were anophthalmic or severely microphthalmic. In some
microphthalmic eyes, a number of RPE cells escaped
ablation and formed patches of pigmented cells; the lami-
nar structure of the retina was maintained immediately
adjacent to such pigmented areas but disrupted elsewhere.
In both cases - early or late ablation of the RPE - the
retina appears to be the primary affected tissue.
Conclusions: We conclude that presence of the RPE is
required for the normal development of the eye in vivo.
Its presence early in development is necessary for the
correct morphogenesis of the neural retina. After the
neural retina has started to differentiate, the RPE is still
necessary, either directly or indirectly, to maintain the
organization of the retinal lamina.
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Background
The vertebrate eye is an excellent model system in which
to study developmental processes such as cell-fate
determination and tissue interactions. During develop-
ment of the eye, tissues of different origins - surface and
neural ectoderm, neural crest and mesodermal mesen-
chyme - are subjected to temporally and spatially regu-
lated interactions that bring about the final differentiation
and complex organization required for a fully functional
eye. Many of the interactions have been characterized,
the most striking of which is the pulsed succession of sig-
nals and responses between the developing lens and
neural retina. Firstly, the optic vesicle derived from
neural ectoderm induces the formation of a lens placode
from overlying surface ectoderm; secondly, the lens plac-
ode reciprocates to induce the primitive neural retina to
differentiate from the optic vesicle; finally, signals from
the neural retina are involved in the differentiation of
both primary and secondary lens fibres from the lens
vesicle (see [1] for review).
The signalling mediated by these temporally and spatially
regulated interactions is not persistent. For example, once
the neural retina precursor has emerged from the optic
vesicle, further differentiation apparently does not involve
a direct contribution from the lens. Although not yet
understood, signalling mediated by other eye tissues such
as the retinal-pigment epithelium (RPE) is also likely to
play a key role during eye development. The differenti-
ated RPE is a monolayer of melanin-producing cuboidal
cells that is located between the outer segments of the
photoreceptors and the choroid layer, which contains
melanocytes and is therefore also pigmented. In the
adult, the RPE is a main component of the blood-retinal
barrier, and its major documented functions are to pro-
vide the retina with retinoids and to ensure the phago-
cytosis of the outer segments of the photoreceptors (see
[2] for review). Once fully differentiated, cells of the
RPE do not divide and must stay functional throughout
the entire life of the individual.
During embryogenesis, the RPE and the sensory retina
simultaneously differentiate from neurectodermal cells of
the outer and inner layers, respectively, of the optic cup.
In the mouse RPE precursor layer, pigment cell fate
dominates over the neural fate from around embryonic
day (E) 9.5, which is two days before pigment synthesis
can be detected. The RPE and the neural retina are con-
tiguous at the tips of the optic cup; the two layers are also
kept in close apposition throughout embryogenesis and
are likely, therefore, to interact during eye formation.
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Mutual interactive phenomena are also implicated by the
remarkable ability of the RPE to induce regeneration of
the retinal tissue [3].
Pigmented cells derived from the neural crest -
melanocytes of the skin, inner ear and choroid of the eye
- can be depleted without affecting the survival of the
host. Mouse mutants in which melanoblasts fail to sur-
vive have proven useful in assigning a role to melanocytes
in the formation of the inner ear and hearing function.
For instance, HV/V (Kit) and S1/Sld (Steel) mice,
affected in neural-crest-derived lineages, show severe
cochlea structural abnormalities that lead to profound
hearing impairment in the adult [4,5]. Despite the
absence of melanocytes in the choroid layer of W/HWV
mice, the eye develops normally, indicating that the
melanocytes derived from the neural crest are not essen-
tial for eye morphogenesis. RPE cells are not derived
from the neural crest lineage, and so are not depleted in
these mutants. As no other reported mutations ablate this
layer during embryogenesis, it has not been possible, so
far, to determine its role in ocular development.
Here, we describe the generation and analysis of
transgenic mice in which the expression of a toxin-
encoding gene has been targeted to the developing RPE.
Tissue-specific ablation driven by a toxic transgene -
'toxigenic ablation' - has been described previously and
used as a powerful tool to study tissue interactions during
development [6]. Diphtheria toxin is normally produced
as a precursor that is cleaved into two fragments, joined
by disulphide bridges. The A peptide is the toxic moiety,
which acts to inactivate elongation factor 2 by ADP-
ribosylation. The B peptide binds to the cell surface and
causes the toxin to be internalized; in its absence, the A
peptide cannot enter cells. The expression of the gene
encoding the attenuated diphtheria toxin-A subunit
alone (DT-A; [7]) therefore results in the death of only
those cells in which it is expressed.
To be suitable for investigating the role of the RPE during
eye morphogenesis, the promoter used to drive the
expression of the toxigene must fulfil two criteria. Firstly,
it must be repressed in all other tissues of the developing
eye, and, secondly, it must be activated sufficiently early in
development to trigger cell death as soon as the layer of
neurectodermal cells is committed to the pigmented fate.
Good candidates are the promoters of genes that encode
melanogenic enzymes, such as tyrosinase and two related
proteins, TRP-1 and TRP-2 [8-11]. The developmental
pattern of expression of these genes has previously been
studied by in situ hybridization [12], which indicates that
the TRP-1 promoter satisfies both criteria - the expres-
sion of TRP-1 is seen exclusively in the outer layer of the
optic cup (the future RPE) during early embryogenesis
(whereas TRP-2 is also expressed in the developing telen-
cephalon) and is also detected earlier than tyrosinase.
the control of the TRP- I promoter. We show that
ablation of the undifferentiated outer layer of the optic
cup (before pigment synthesis is switched on) leads to
secondary anophthalmos - failure of the eye to
develop any further and subsequent complete degenera-
tion of pre-existing ocular structures. In addition, we
show that, if the RPE is ablated only after differentia-
tion (after fully established pigmentation), the eye is
maintained during embryogenesis. However, abnormal-
ities in the retina proper can be seen in late stages of
gestation; in the adult, these result in severe micro-
phthalmia (abnormally small eyes). Taken together, this
analysis shows that the RPE precursor is essential for
early retinal development and that, later, the differenti-
ated RPE is necessary for the normal structure of the
retinal lamina - providing a strong indication of a
signalling process between the two tissues.
Results
Generation of RPE-deficient mice
The activity of the TRP-1 promoter can be readily
detected from El 1 onwards in the outer layer of the optic
cup (future RPE) of albino embryos that carry a chi-
maeric TRP- 1/lacZ transgene (Fig. 1). The expression of
this transgene was analyzed further in transgenic mice
that carry three different versions of the TRP- 1 promoter
in TRP-1/lacZ transgene variants. Seven transgenic lines
were made using 4.5 kb of the TRP-1 promoter; three
were made using what we believe is the minimum tissue-
specific promoter fragment of TRP-1 (346 bp); and two
transiently-expressing embryos were made using the
1.4 kb TRP-1 promoter. In all cases, and at several devel-
opmental stages, the only bcular tissue in which expres-
sion of the transgene could be detected by whole mount
staining was the developing RPE, although expression
levels were variable between lines. Sections were cut
through embryonic eyes from two lines made with the
4.5 kb promoter and from two lines made with the
346 bp promoter. Once again, lacZ expression could only
be visualized in the RPE (S.M.R., I.JJ., Colin Goding
and Ugur Yavuzer, unpublished observations). Given the
sensitivity of detection of lacZ expression, we are
therefore confident that transgenes driven by the TRP-1
promoter are expressed exclusively in the RPE of the
developing mouse eye.
In order to target the expression of a toxin to the
developing RPE, a chimaeric gene was generated by
fusing 1.4 kb of the TRP-1 promoter to the attenuated
DT-A sequence (see Materials and methods and Fig. 2).
In cell culture, the TRP- 1/DT-A minigene killed
mouse melanoma B16 cells but not fibroblast 3T3 cells,
whereas the TRP- 1 promoter alone or the promoterless
DT-A gene alone were not toxic to cultured cells (data
not shown).
We have generated lines of transgenic mice that carry the
gene encoding the attenuated DT-A subunit [7], under
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identifiable at birth by the complete or partial absence of
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Fig. 1. Staining for 1-galactosidase
reporter-gene activity in histological
sections through the eyes of
TRP-I/lacZ transgenic embryos.
Embryos were analyzed at (a) El 11, (b)
El1.5, (c) E12.5 and (d) E14.5, show-
ing specific expression of the reporter
gene in the developing RPE. The sec-
tions have been counterstained with (a)
hematoxylin or (b-d) eosin. The space
between RPE and retina in (c,d) is
mostly artefactual. Abbreviations: ol,
outer layer of optic cup (future RPE); il,
inner layer of optic cup (future retina);
Is, lens.
pigment in the eye region. Although the number of
newborns with pigment deficiency compared well with
the percentage of transgenic animals generated with other
transgenes such as TRP-1/lacZ, and did not show any
other obvious morphological abnormality, more then
90 % did not survive after birth. This was unexpected, as
pigmented cells derived from the neural crest can be
depleted genetically without affecting host survival. More-
over, we expected that the use of the attenuated version of
the DT-A gene would minimize any cell death caused by
leakiness of the promoter [7]. Our results suggest an unex-
pected or ectopic expression of TRP- 1 occurs in a vital tis-
sue during late embryogenesis or at birth. Further analysis
of the TRP- 1/lacZ transgenic lines may therefore identify
sites of TRP- 1 expression other than the RPE.
All transgenic animals for which no lines could be
derived - dead newborns or mosaic adults which
survived after birth but did not transmit the transgene -
were unilaterally or bilaterally anophthalmic (one or both
eyes were absent). Two transgenic animals did survive
birth and transmitted the transgene to their progeny. The
two founders and the derived lines showed different
phenotypes, presumably because of different expression
levels of the respective transgenes. The first line is
referred to as A (anophthalmic) and the second as M
(microphthalmic). The analysis of developing eyes from
both lines is presented, showing two distinct roles of the
RPE during embryogenesis.
The outer layer of the optic cup (the future RPE) is required
for early eye development
Founder A (a female) was bilaterally anophthalmic, but
showed no other obvious abnormalities. Unexpectedly,
her coat colour was not diluted when compared to wild-
type. She transmitted the transgene to approximately
50 % of her progeny, but only one of 37 anophthalmic
pups survived birth. The surviving pup, which was male,
showed the same phenotype as the founder - bilateral
anophthalmia and undiluted coat colour. The lack of a
coat-colour defect suggests either that the transgene
expression is restricted to the RPE, or that the transgene
is. mutated or epigenetically inactivated, in sufficient
number of melanoblasts for a population of hair
melanocytes to escape ablation and pigment the coat (a
phenotype also seen in older mice of line M). This trans-
genic male was subfertile and only a few transgenic pups
were born (11 in total), which did not survive; therefore,
line A could not be maintained. Nevertheless, transgenic
embryos could be produced by mating this male to Swiss
females and their developing eyes could be compared to
those of the wild-type control littermates.
At Ell, two non-transgenic controls and five transgenic
embryos were analyzed (Fig. 3a,b). The developing eye
is an extremely good indicator of the age of mouse
embryos, particularly between E10-13, when differences
as small as 6 hours can be detected readily [13]. The con-
trol eyes displayed the morphology of a normal develop-
ing eye at E11, when the lens vesicle is completely closed
and detached from the overlying surface ectoderm. The
transgenic eyes were smaller and resembled a normal eye
at E10-10.5, when the lens placode has invaginated and
is deeply indented, but has not yet closed and is still asso-
ciated with the surface ectoderm. This difference
between the transgenic and control eyes could be due to
slight (undetected) overall differences in growth rate
between the embryos, as is often found within a wild-
type litter; however, as all transgenic eyes repeatedly
appeared younger then the controls, it is more likely that
eye growth was specifically retarded in the transgenic
embryos. This suggests that, between E10-11, the toxin
produced in the RPE precursor cells begins to interact
with their translation machinery and, perhaps, turns off
the emission of growth signals to one or several other
components of the eye. At this stage, however, there is no
obvious effect on the morphology of the outer layer of
the optic cup.
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Fig. 2. The TRP-1/DT-A transgene
construct. The construct is cloned into
pBluescript SK+/-. The transgene car-
ries 1.4kb of TRP-1 5' sequences,
including part of the first exon of TRP-1
from +1 to +107 (dark grey), fused to
the attenuated DT-A coding sequence
(0.6 kb) and SV40 splicing and
polyadenylation sites (1.6 kb). See also
Materials and methods.
At E12.5, six transgenic embryos were scored in a litter,
but three of these displayed brain-shape abnormalities
and were not analyzed further, as these abnormalities
may have affected eye development. The three transgenic
embryos with normal morphology were sectioned, and
the brain structures seen to be identical to the wild-type
litter mates. In two of these embryos, no eye structure
could be found - only lid folds and mesodermal
condensation marked the eye region (Fig. 3c,d). The
only eye anlage that could be detected (on one side of
the remaining embryo) appeared to be a flattened ring of
pigmented neurectodermal-type cells (Fig. 3e). No
remnants of lens tissue could be detected within this
structure.
All of the embryos examined, whether derived from
transgenic lines or by direct injection of the transgene, had
some pigmented cells remaining. This is presumably due
to loss of the hemizygous toxic transgene through
chromosomal loss or deletion, or to epigenetic inactivation
of the transgene. The survival of a pool of resistant RPE
cells illustrates the cell-autonomous nature of the DT-A
peptide (as they have not been killed indirectly by death of
neighbouring RPE cells). Furthermore, this small number
of RPE cells are not sufficient to allow the other eye
components either to grow or to be maintained.
Newborn pups of line A always displayed complete
anophthalmia (Fig. 3f). However, it is interesting to note
that extraocular muscles developed normally (in the
wild-type mouse the extrinsic ocular muscles begin to
develop at Ell), and that a conjunctival sac, albeit
atrophied, was also present in an otherwise eyeless socket.
When the toxigene is expressed in the future RPE early
in eye development, therefore, none of the other ocular
components develop further and the structures that had
been formed previously - the outer and inner neurecto-
derm layers and the lens pit - quickly degenerate. A few
RPE cells may escape ablation and survive long enough
to differentiate and switch on the melanogenic program.
Fig. 3. Histological analysis of the
developing eye from line A
TRP-1/DT-A transgenic embryos. (a,c)
Wild-type embryo at Ell and E12.5,
respectively. (b) Transgenic embryo at
Ell. The lens vesicle is open (arrow)
and has not dissociated from the
surface ectoderm. The eye morphology
resembles that of a wild-type embryo at
E10-10.5. (d) A transgenic embryo at
E12.5 in which no ocular structures
could be detected. The lid folds are
visible and mesodermal cells have
condensed under the surface ecto-
derm. (e) An eye anlage, found in
another transgenic embryo at E12.5,
consisting of a ring of pigmented cells.
(f) Transgenic newborn. Behind the
fused eye lids (big arrow), the con-
junctival sac and the extraocular mus-
cles (thin arrows) have developed and
are maintained in the absence of any
other ocular structure. Abbreviations:
c, conjunctival sac; If, lid fold; Is, lens;
ms, mesoderm; ol, outer layer of
optic cup (future RPE); il, inner layer of
optic cup (future retina); ret, retina; se,
surface ectoderm.
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These cells remain for a short time after the other eye
components have degenerated. Because the resorption
process was extremely fast (all eye structures had com-
pletely vanished within a day), and because line A was
soon extinct, we were unable to analyze the eye at the
beginning of degeneration to find which tissue (neural
retina or lens or both) was initially affected by the
ablation of the RPE precursor layer.
In order to address this question, we analyzed more
transgenic embryos directly after pronuclear injection.
Litters were sacrificed at E12, and the transgenic embryos
- judged to be positive by a polymerase chain reaction
(PCR) test and by showing a pigment defect in the ocu-
lar region as the only abnormality - were analyzed and
compared to a wild-type control littermate. A typical
example of the features that were found is illustrated in
Figure 4. In this transgenic eye, although a few clusters
of pigmented cells that had escaped ablation could be
seen, most of the RPE layer was dystrophic and amelan-
otic, indicating that ablation was well underway in this
individual. The eye was severely microphthalmic.
Although the lens growth was clearly retarded, its mor-
phology was not drastically affected (the cells of the pos-
terior wall of the lens vesicle had begun to elongate). By
contrast, the structure of the optic cup was extremely
abnormal. Instead of being confined to the posterior
region of the eye, the optic cup layers had invaded the
anterior region (no anterior opening could be found in
any sections through this eye), resulting in complete
engulfment of the lens. The two-layer structure (nuclear
and marginal zones) of the retina, which was seen clearly
in the wild-type sibling, had not developed in the trans-
genic atrophied retinal layer. In all of the embryos ana-
lyzed, although the phenotypes ranged from normal to
severely microphthalmic and dystrophic (presumably
reflecting expression level of the transgene), it was always
the inner layer of the optic cup that was primarily
affected by the RPE ablation.
In summary, the ablation of the RPE precursor layer at
around E10-11 results in extremely severe structural
retinal abnormalities, which quickly lead to termination
of eye development and further eye resorption. This
provides the first evidence that the outer layer of the
optic cup - the precursor of the RPE - is an absolute
prerequisite for the development of the inner layer (the
future retina proper) during the early stages of eye
formation.
Differentiated RPE contributes to the maintenance of the
normal retinal structure
The analysis of line M, in which the ablation occurs only
after differentiation of the RPE, gives further informa-
tion about the role of the pigmented layer during the
later stages of eye morphogenesis. The founder (a male)
showed no obvious abnormality of eye size or pigmenta-
tion, but its coat displayed a patchy pattern of colour
dilution after the first hair growth. As the mouse aged,
the coat darkened with successive hair-growth cycles and
eventually became a black, non-agouti colour (fertilized
eggs were from C57BL/6 x CBA Fl parents). Crosses
were set up to C57BL/6 females. The transgene was
transmitted to 50 % of the offspring; the transgenic prog-
eny were fully viable and displayed a homogeneous
phenotype that was characterized by a dark grey coat and
mildly microphthalmic eyes. We conclude that founder
M was mosaic, with no transgene expression in the eye
and in some clones of hair melanocytes, but with a full
transgenic contribution to the germ-line. In this line, it
appears that the transgene was expressed either at a lower
level, or later, than in line A, allowing the eye to develop
to nearly normal size and the mice to be fully viable. The
line was bred to homozygosity and the resulting animals
showed a much more pronounced phenotype than their
parents, which was characterized by an initially very pale
grey coat colour that darkened with age and eye defects
ranging from microphthalmia (such microphthalmic eyes
were often cataractous) to anophthalmia.
The eye morphology of homozygous M transgenic mice
was studied on every day of gestation from E10 to birth,
as well as one month after birth, and the findings
compared with normal C57BL/6 controls (Fig. 5).
During early ocular development and up to E12.5, the
transgenic eye appeared morphologically identical to the
wild-type controls. Moreover, the RPE at Ell11.5 has
switched on the melanogenic program and nearly as
much pigment could be detected as in the wild-type
embryos (data not shown). In line M, therefore, RPE
ablation is delayed compared to line A. Presumably, the
transgene has integrated in a site less favourable to
expression, such that between E10-12 the toxin concen-
tration is too low to trigger cell death. The presence of
melanin is an excellent marker of the healthy state of the
differentiated RPE at this stage.
At E12.5, however, when the RPE was profusely
pigmented in the wild-type (Fig. 5a), pigmentation in
Fig. 4. Histological analysis of E12 eyes
from TRP-1/DT-A transient transgenic
embryos. (a) Wild-type littermate con-
trol. The anuclear marginal zone of the
neural retina is indicated by an arrow;
the scores in the nuclear zone are arte-
factual. (b) Transgenic embryo. A few
clones of pigmented cells escape the
RPE ablation (rectangles). The marginal
zone is not differentiated (arrow).
Abbreviations: Is, lens; ret, retina.
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Fig. 5. Histological analysis of the
developing eye from line M TRP-1/DT-A
homozygote transgenic embryos. (a-f)
Sections through the RPE (arrowhead)
and retina of (a-c) wild-type eyes and
(d-f) transgenic eyes at (a,d) E12.5, (b,e)
E14.5 and (c,f) E15.5. The space
between the RPE and retina is mostly
artefactual. The transgenic RPE switches
off pigment synthesis at E12.5 and has
vanished by E15.5. Scale bar in (f)
applies to panels (a-f). (g) Transgenic
eye at E16.5. The gross morphology and
size is normal. The retina has differenti-
ated into an outer and an inner neurob-
lastic layer. Extensions have formed
from two loci at the retinal surface
(arrows). Abbreviations: Is, lens; onl,
outer neuroblastic layer; inl, inner neu-
roblastic layers; ret, retina. (h,i) Two
examples of bridge-like structures found
in the retina of E16.5 transgenic
embryos. The outermost escaping cells
reorganize into a layer (arrow), and
rosettes of outer neuroblastic cells are
formed between bridges (asterisk).
the transgenic RPE cells was very weak, reflecting the
toxic effect of the transgene (Fig. 5d). The progressive
destruction of the RPE layer could be followed
histologically from E12.5 until E15.5, by which stage no
RPE remnant could be detected (Fig. 5f). The size and
general morphology of all other eye components
appeared normal (data not shown). During this period,
the developing retina normally differentiates to an inner
(lightly stained nuclei) and an outer (numerous densely
stained nuclei) neuroblastic layer, and the optic stalk is
filled with nerve fibres elongating from the inner
neuroblastic layer.
At E16.5, although all other eye tissues were found to be
normal (Fig. 5g), an intriguing retinal abnormality was
repeatedly detected in transgenic eyes (Fig. 5h,i). At this
stage, some cells of the outer neuroblastic layer appeared
to escape the transgenic retina and to form bridges at dif-
ferent loci on the retinal surface connecting the retinal
layer to the surrounding tissue. The outermost escaping
cells start to form a layer as if to fill the space left by the
RPE ablation (Fig. 5h). When several bridges formed
close together, rosette-like structures were seen (Fig. 5i).
Cells from the inner neuroblastic layer also escape the
laminar organization, resulting in optic-stalk-like
structures that emerge from the developing retina.
At birth, the vitreous humour had failed to accumulate
in most of the eyes and, one month after birth, homozy-
gous transgenic animals were anophthalmic or severely
microphthalmic. After enucleation, the microphthalmic
eyes had a variable pigment pattern ranging from faintly
spotted to black, with patchy (mosaic) intermediates in
which, presumably, a number of RPE cells had escaped
ablation. The less pigmented eyes were the more severely
microphthalmic. Histological analysis revealed a large set
of abnormalities, including more or less severe cataracts,
but the most prominent defect was the repeated
abnormal structure of the neural retina (Fig. 6).
When the eyes were largely pigmented and only mildly
microphthalmic, as in hemizygous animals, the cellular
composition of the retina was normal but the photore-
ceptor layer formed rosettes with an inverted polarity -
with the photoreceptor segments trapped inside the
rosetted structures (Fig. 6b). Within the rosettes, the seg-
ments were highly dysmorphic as judged by the absence
of a bilayered eosin-staining that differentiates the inner
(dark) and outer (light) segments (Fig. 6a). Between
rosettes, the laminar structure of the neuronal network
was conserved and the outer segments of photoreceptors
were correctly associated with the pigmented layer. The
rosettes in the transgenic retinas were very typical and
quite unlike the whorls often seen in other types of
microphthalmic eyes (such as lens-ablated eyes), in which
the retina is highly convoluted [14-16], presumably
because of insufficient intraocular pressure [17].
When the eyes were almost unpigmented, the retinal
structure was extremely disrupted; only the ganglion cells
formed a layer. The photoreceptor and bipolar cells were
completely disorganized and the photoreceptor outer
segments were absent. (Fig. 6d and our unpublished
electron microscopy analysis). The correlation between
the presence of RPE cells and the laminar structure of
the retina is striking, as it could be observed within a sin-
gle eye displaying patches of pigmented cells. In these
mosaic eyes, the retinal structure was completely dis-
rupted in unpigmented areas but laminar networks could
be found adjacent to the pigmented patches (Fig. 6c).
In summary, the analysis of line M shows that, when
the RPE layer is maintained until its final differentiation
at around E11.5, the antenatal development and
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Fig. 6. Histological analysis of retinas from line M TRP-1/DT-A homozygous transgenic mice one month after birth. (a) Wild-type
control retina. The RPE has partially detached from the retina during eye processing (left-hand side), resulting in artefactual splitting of
the photoreceptor outer segments. On the right-hand side, the limit between inner and outer segments is well demarcated (arrow).
Abbreviations: s, photoreceptor segment layer; onl, outer nuclear layer; opl, outer plexiform layer; inl, inner nuclear layer; ipl, inner
plexiform layer; gcl, ganglion cell layer. (b-d) Transgenic retinas from (b) pigmented, (c) patchy and (d) unpigmented eyes, showing a
correlation between the presence of RPE cells and laminar structure of the retina. Arrows show a patch of pigment and the adjacent
laminar retinal network. Scale bar in (d) applies to all panels.
differentiation of the other components of the eye can
progress normally. However, a structural abnormality is
detected in the neural retina in late stages of gestation,
and progresses after birth, resulting in disruption of the
laminar structure of the neural retina. Although it is
possible that the absence of vitreous and the cataracts in
the transgenic eyes directly result from the RPE
ablation, they are more likely to be a secondary conse-
quence of either the retinal disruption or the post-natal
ablation of other pigmented cells from the iris-ciliary
body, which in the normal eye contributes to mainte-
nance of intraocular pressure [18]. By contrast, disrup-
tion of the retinal laminar network is a primary
consequence of the RPE ablation, as it is the first and
only aberration seen during embryogenesis and corre-
lates well with the level of depletion. Even in the most
severely affected eyes, the three types of retinal neurons
are present, indicating that the RPE is only required for
their spatial organization and not for their differentia-
tion. On the other hand, the absence of detectable
photoreceptor outer segments suggests a contribution of
the RPE in their formation.
Discussion
In this study, we show that the developing RPE is
essential for the correct morphogenesis of the neural
retina and that, once differentiated, the RPE is necessary
to maintain the retinal laminar structure of the
embryonic eye. A few mutations have been identified
previously that alter the mammalian RPE. Some alleles
of the mouse microphthalmia gene mi [19,20], which
encodes a putative melanocyte-specific transcriptional
activator, lead to an amelanotic and dystrophic RPE, a
reduced number of photoreceptor segments and other
eye abnormalities in the adult [21]. However, the defect
in the RPE of these mutants has not been characterized,
and it is not yet clear if it is the direct cause of the
photoreceptor deficiency.
The mutation carried by the RCS rat also results in a
severe RPE phagocytic defect and photoreceptor
degeneration in the adult [22]. Using RCS/normal rat
chimeras, Mullen and LaVail [23] have shown that the
RPE abnormality is the primary cause of the
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photoreceptor degeneration. More recently, Faktorovich
et al. [24] have reported that the injection of basic fibro-
blast growth factor (bFGF) into the intraretinal space of
RCS rats significantly delays the photoreceptor degener-
ation. Surprisingly, the synthesis of bFGF in the RPE is
normal in the RCS mutant, but the synthesis of one class
of bFGF receptor (bFGFR2) is dramatically reduced
[25]. These studies on the retinal dystrophy of the RCS
rat provide evidence that the RPE is essential for photo-
receptor formation or survival, but do not give insight
into the involvement of the RPE during the earlier stages
of eye development. We have generated transgenic mice
in which the RPE is ablated during embryogenesis, and
analyzed the developing eye to identify any defect
directly linked to the absence of RPE.
The toxigenic ablation approach has been criticized
because the phenotype of transgenic mice carrying a
toxin gene is sometimes not as clear-cut as the phenotype
of mutants deficient in a given cell population; some
developmental findings are therefore more difficult to
interpret. Phenotypic variability and variable levels of
expression of the transgene may be accounted for by
differences in the integration site and copy number
(which may cause variation between lines), or by epige-
netic inactivation, deletion or loss of the transgene lead-
ing to clones of cells that escape ablation (which may
result in variation within a pedigree) '[7]. This pheno-
typic variability can be advantageous, because it allows a
more subtle and detailed analysis of the developmental
consequences of cellular depletion. However, it is often
difficult to determine the ablation characteristics: firstly,
the time of onset (is the transgene promoter activated at
the same time as the endogenous gene promoter?); sec-
ondly, the lag (how long does it take for the toxin
expressing cells to become nonfunctional?); and finally,
the extent (are all cells ablated?).
In the case of the RPE, the ablation kinetics can be
readily evaluated, not only because the RPE is a single
cell-type tissue but also because melanin is an intrinsic
cell marker and a good indicator of cell health. Our
analysis of embryos from two phenotypically different
lines has allowed the effects of both a severe and a mild
ablation of the RPE to be analyzed. In both cases, the
ablation kinetics could be determined. In line A, the
ablation was completed before differentiation of the RPE
layer, which immediately led to failure of the retina and
other components of the eye to develop any further, and
very few cells escaped ablation. In line M, cell death
occurred only after differentiation of the pigmented
layer; the lag was significant, as the RPE first switched-
off pigment synthesis and then gradually disappeared over
a few days. The number of cells that escaped ablation
varied considerably from one homozygous individual of
line M to another, producing a wide range of eye pheno-
types. The detection of surviving cells by their
pigmented phenotype enabled us to show a strict correla-
tion between the extent of RPE ablation and the level of
disruption of the retinal laminar structure.
In line A, there is a formal possibility that the effect we
see is due to low levels of expression of DT-A in other
eye tissues in addition to the RPE. We therefore per-
formed in situ hybridization of a DT-A-specific probe to
sections of the developing eyes. We were unable to detect
expression of the transgene in any ocular tissue, including
the RPE, of line A embryos taken at Ell. The absence
of signal in the RPE is likely to be due to the fact that
only very low DT-A mRNA levels need to be expressed
before the target cells die. We cannot, therefore, use this
assay to confirm that DT-A expression does not occur in
the rest of the eye. However, several points argue against
expression of the toxin in eye tissue other than the RPE.
Firstly, of all independent transgenic TRP- 1/lacZ
embryos that we have studied, in no cases was the trans-
gene expressed in a tissue of the developing eye other
than the RPE. The only variation that we detected was
in the timing of onset or in the level of expression.
Secondly, although only one line has been analyzed in
detail in which the ablation occurred early (line A),
three more independent mice were obtained that were
unilaterally or bilaterally anophthalmic. The few off-
spring that were produced from one of these lines were
anophthalmic and displayed the same phenotype as new-
borns from line A (Fig. 3f). In addition, a further two
directly injected embryos (one of which is shown in Fig.
4) showed a matching phenotype - a degenerated
neural retina. These results strongly argue against the
possibility that the observed phenotype in line A is due
to a position effect causing ectopic expression of the
transgene in the neural retina.
We have shown that, once differentiated, the presence of
RPE is required for maintenance of the normal laminar
structure of the embryonic retina, but is not required to
induce retinal differentiation - all three types of neu-
ronal cell could be seen in the retinas of line M mice.
However, the absence of detectable photoreceptor outer
segments may indicate that the RPE is necessary for their
formation. Such a role (already suggested by the studies
on the RCS rat) has been investigated by in vitro retinal
culture in RPE conditioned medium [26], and demon-
strated recently in Xenopus eye rudiments cultured after
RPE scraping [27]. When the RPE layer is nicked before
photoreceptor differentiation, the outer segments are
highly disorganized, in that their membranes do not
display the normal stacked disc-like morphology.
We believe that the major role of the RPE is to induce or
stabilize the laminar structure of the retina in vivo. In vitro
studies have previously suggested such a role [28].
Aggregates of retinal neurons can be reconstituted in
vitro; these consist of cellular spheres, termed rosetted vit-
roretinae, containing the three neuronal layers in an
inside-out arrangement. The addition of RPE cells to
the culture induces the formation of laminar vitroretinae
in which the correct polarity of the neuronal layers is
restored. We observe rosetted elements, which resemble
the rosetted vitroretinae, in the retina of line M trans-
genic eyes. In mosaic eyes, the laminar structure is well
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preserved adjacent to the pigmented patches, indicating
a local radial protection by RPE cells. There are two
explanations for this: either the RPE, which is the
major component of the blood-ocular barrier, protects
the adjacent retinal cells from extrinsic, disrupting
influences, or it produces a positive signal that induces
and maintains the laminar structure. This question
might be resolved by trying to rescue a normal retinal
organization in the M mice by injection of RPE-
derived factors.
An interesting piece of work by Sparrow et al. [29]
favours the hypothesis that the RPE protects adjacent
retinal cells. In their study, they explant embryonic rat
neural retinas and show that they can grow, differentiate
and acquire a laminar structure in vitro, even in the
absence of pigmented cells. However, the culture
medium is supplemented with serum and embryo
extracts, which may compensate for putative RPE
factors. In the same study, the explants are cultured from
E13 for up to two weeks, and rosettes, identical to those
we see in line M mice, begin to form. This is in
agreement with our observation that the retinal layers
have a tendency to fold with inverted polarity in the
absence of RPE. Reh and Radke [30] have shown that
surrounding developing photoreceptor cells with base-
ment membrane can lead to their depolarization and
rosette formation. The rosettes that we observe (Fig.
5h,i) could be favoured by direct contact of the photore-
ceptor progenitor cells with Bruch's membrane, which in
the normal eye is physically separated from the neural
retina by the RPE.
Conclusions
In this study, we show that the RPE is required for
laminar organization of the retina in vivo, in agreement
with other studies in vitro. Whether the RPE protects
the adjacent retinal cells from disruption, or produces a
positive signal that induces and maintains the laminar
structure, remains to be determined. It is well estab-
lished that a multitude of trophic factors contribute to
eye development and differentiation [31]. Here, our
work gives an indication that trophic factors
synthesized by the developing RPE may also be
involved in early eye formation. Possible candidates are
the pigment epithelium-derived factor identified
recently by Steele et al. [32], and other well character-
ized growth factors such as transforming growth fac-
tors, FGFs and platelet-derived growth factor. Pigment
cells are normally thought of as having only a single
function - that of melanin synthesis. Recent work
suggests that they have a wider role. Melanocytes are
essential to inner ear formation and function, possibly
by facilitating interdigitation between marginal and
basal cell processes of the stria vascularis. This report is
a further demonstration of the role of pigment cells in
morphogenesis, possibly supplying,extrinsic factors to
the developing retina.
Materials and methods
Transgene constructs
The 1.4 kb TRP-1 promoter sequence, extending from the
XbaI site at position 1334 to the PvuII site at +107, is sufficient
to confer specific high-level expression in cultured melanocytes
[33,34] and in transgenic embryos (our unpublished data).
Because this information was not available at the time the
TRP-1/lacZ transgenic experiments were initiated, the pro-
moter region used in TRP-I/lacZ was extended to the next
XbaI site 3 kb upstream of the 1334 site. This TRP-1/lacZ
transgene was a gift from Colin Goding.
The chimeric gene TRP-1/DT-A was constructed by fusing
the 1.4 kb TRP-1 promoter sequence described above to the
DT-A attenuated gene and to the SV40 splicing and
polyadenylation sequences of pTOX176 [35]. The final con-
struct was cloned into pBluescript SK (Stratagene) and is
shown in Figure 2. Further details on the cloning are available
on request. The transgene was recovered for microinjection as
an XbaI-XhoI fragment.
Production of transgenic mice
Transgenic mice were produced according to methods
published previously [36], by microinjecting DNA at
2 Cpg mP1- into the male pronucleus of isolated
C57BL/6 x CBA F2 fertilized eggs. Two-cell embryos were
reimplanted into pseudopregnant Swiss female hosts. Trans-
genic mice were screened by PCR analysis of DNA extracted
from tail biopsies. Transgenic embryos were identified by PCR
analysis of placental DNA.
Histological analysis
The morning of a confirmed vaginal plug was considered as
E0.5. Whole embryos, dissected heads or adult enucleated eyes
were fixed in 10 % neutral formalin, dehydrated and embedded
in paraffin. Transverse tissue sections were cut at 6-8 pLm and
stained with hematoxylin and eosin. TRP-1/lacZ transgenic
embryos were prefixed in 2 % formaldehyde, 0.2 % glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.3) and stained
overnight for 3-galactosidase activity [37], then processed as
described above. The sections were lightly counterstained with
hematoxylin or eosin. The atlas of mouse development by
Kaufman [38] was used to identify brain structures and confirm
embryonic stages.
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